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On September 12, 1973 at 12:09 EST, the Skylab III satellite 
passed over the Chesapeake Bay and sensed energy containing inform-
ation about a large section of the estuary. On the sam day scien-
tists from the Virginia Institute of Marine Science simultaneously 
gathered data in the Rappahannock River, a tributary of the Bay, 
to determine the physical characteristics of the surface water. 
Although the satellite contained many sensors in the Earth Resources 
Experiment Package (FREP), of most interest were those sensing re-
flected energy in the visual and near infrared spectral region, 
and thermally emitted radiation. Th photographic equipment con-
sisted of a bank of 6 boresighted cameras with 6-inch (152 nnn) 
focal length matched lenses (Sl9OA), and one high resolution camera 
with an 18-inch (457 nnn) focal length lens (Sl9OB). The Sl9OA 
sensors were load d with black and while film filtered to record 
energy in th green, red, and two reflective infrared bands, color 
film, and color infrared film. The Sl9OB camera us d natural 
color film. 
The imagery was analyzed by densitometry, by patt rn analysis, 
and by comparison of photo density and ground truth. Sp ctral 
characteristics of the scenes were derived from selected indi-
vidual bands of filtered B & W film as well as from color sepa-
rations of color and color infrared film. Procedural details and 
r sults are presented in a final report for ASA contract 
AS6-2327, "Southern Chesapeake Bay Water Color and Circulation 
Analysis", 1975. 
Remote sensing of the Rappahannock test site from Skylab 
also included multiband coverage from a multispectral scanner 
(Sl92) operating in 13 narrower regions of the EM spectrum from 
v·sual, through reflective infrared, to the thermal infrared. 
The output in digital form not only enabled better spectral reso-
lution than photography, but allowed the determination of water 
"type" signatures by making use of simultaneous multiband, regis-
tered data and classification algorithms. The LARS (Laboratory 
for Applications of Remote Sensing) computer classification 
system located at Purdue University in Indiana was us d because 
two LARS terminals were available at nearby NASA c nters. 
Because estuarine water cont'nually changes color with the 
tide from place to place at any given instant, an unsup rvis d 
computer classification was run wh reby th "system" d ided the 
proper number of spectrally distinct classes and th distribution 
of ach class in the scene. A philosophy of ov rclassification 
and recombination was used in order to characteriz th data and 
to allow close examination of sp ctral attribut s. 
To compare the classification d rived from narr w band 
multispectral data with th broad band photography, a classification 
was performed using color film from the Sl90B camera, digitized 
with an automatic scanning microdensitomet r. Choic of color 
film included blue band (.4-.Sµm) spectral information although 
with considerable loss of the land-water discrimination capability 
of the near-infrared. 
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COVERAGE AND SENSOR OPERATION 
The area covered by the S190B frame and the MSS S192 scanner 
over the test site is shown in Figure 1. The Earth Terrain Camera 
(S190B) covers its outlined area at one instant intim, w,.ereas 
the MSS scans conically line by line and uses the forward motion 
of the satellite to make a continuous record of information. 
Data from the MSS, which was recorded on magnetic tap, was in-
itially reformatted to remove curved scan lines thus making a 
LARS compatible data set with new scan lines normal to the satellite 
ground track. In the process the calibration at th end of each 
original scan line was lost. Color film(Kodak S0-242) loaded in 
th Earth Terrain Camera had a demon trated ground r solution of 
approximately 13 meters (40 feet), and sp ctral cov rag of 
.4-. 7 µ m over a square area 109 km (59 n. mi.) on a sid The 
MSS spectral coverage is shown in Tabl I. The instantaneous 
fi ld of view (IFOV) on the ground was a 79 m (260 f et) square 
and thus is the limiting factor on r solution. Th EREP Sensor 
Performance Evaluation Final Report (1975) indicat s es ntially 
nominal operation of the SS on SI.III with th exception of bands 
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Figure 1 . Location of the Rappahannock Estuary test site in 
the Chesapeake Bay region . Lines show Skylab III 





















13 /14 1 
Wavelength Bandi((µ m) 
.42 - .45 
.45 - .so 
.so - .55 
.54 - .60 
.60 - .65 
. 65 - . 73 
.77 - .89 
.93 - 1.05 
1.03 - 1.19 
1. 15 - 1. 28 
1. 55 - 1. 73 
2.10 - 2.34 
10.07 - 12.68 
* Based on band width at~ power points 




Green - Red2 
Red2 
Red (to approx .. 68) 2 
R fl ctive Infrared 
Reflective Infrared 
Reflective Infrar d 
R flectiv Infrared 
R flectiv Infrar d 
R flectiv Infrar d 
Th rmal Infrar d 
1 Redundant data with slightly different calibration 
2 Color film emulsion lay r affected 
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The Rappahannock Estuary 
The Rappahannock Estuary is one of nine major estuarine 
tributaries to Chesapeake Bay. Like the Potomac and the James 
Estuaries, it is narrowly funnel-shaped and relatively shallow, 
less than 5 meters deep on the average except for the axial 
channel which is 8 to 23 meters deep. A submerged sill at the 
mouth, 9 meters deep, partly deters inflowing water from the Bay 
so that the estuary is dominated by the river. 
The Rappahannock offered several advantages for study of 
EREP data. Its configuration is relatively straight and bottom 
geometry is simple. Water properties, namely salinity and sus-
pended sediment concentrations, gradually changes award along the 
estuary length as part of a broad gradient. Local tributaries 
that drain into the estuary supply freshened water from different 
sources. However, the estuary i _s relatively undis turb d by major 
engineering works and it is relatively fr e from pollution except 
for the duck farm effluent near Urbanna which is largely contained 
in ponds. The estuary is renowned for its oyster production. The 
chief advantage of this estuary as a test site is that its turbid 
waters and circulation are well known from previous field studies 
(Nelson, 1959, 1960; and Nichols, 1972) as well as from num rous 
NASA photographic overflights since 1968 (e.g. ic ls 1971). 
Such information provided substantial baseline control and a pre-
dictive understanding of use for analyzing the surface truth. 
Figure 1 shows the Rappahannock Estuary in its geographic setting 
5 
of the Chesapeake region. Figure 2 shows the Rappahannock River 
in more detail, and includes distance upstream for later reference. 
The chief movement of water in the estuary is produced by 
the tide. Waves are important on shoals during short periods of 
high wind. The tide range is 70 cm on the average and currents 
vary from nearly zero at slack water to more than 30 cm per sec 
at maximum current over a period of 3 hours. Such currents cause 
intensive mixing of fresh and salty water. Velocities are capable 
of scouring soft bottom muds and supporting particulate material 
in suspension more than 50 percent of the time. 
The mean tidal current diminishes with distance seaward from 
35 cm per second in middle reaches to 14 cm per sec near the mouth. 
This trend follows the seaward increase in cross-sectional areas 
as the estuary deepens and widens toward the mouth. But in the 
upper estuary mean velocities are relatively uniform along the 
estuary channel from 30-35 cm per sec. Consequently, the trans-
porting capacity of the current is also relatively constant through 
the upper estuary between 48 and 40 km above the mouth. Because 
the time of slack waters varies along the estuary length the cur-
rent speed at any one time, such as captured by an instantaneous 
photograph, also varies. When the current is slack at the mouth 
it is maximal in the upper estuary near Tappahannock. 
River inflow averages 45m 3 per sec on the average at Fred-
ericksburg. At the time of EREP photography in early June 1973 
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whereas at the time of photography Sept. 1973, inflow was very 
low, less than 14m 3 per sec. Consequently, the sediment load 
at this time was supplied mainly from the floor and shores of 
the estuary proper rather than from the river, as was the case 
in early June. 
Concentrations of suspended material typically vary with 
tidal current speed at one point over one-half a tidal cycle. 
The concentrations rise and fall with the strength of the current 
whereby concentrations are higher near maximum current than near 
slack water. The variations are most pronounced near the bottom 
but they also occur near the surface, especially over the shoals. 
Only about 10 to 20 percent of the load remains in suspension at 
slack water; whereas the rest is alternately resuspended from the 
bottom and settled out. 
Superimposed on the back and forth motion of the tide there 
is a small net or residual current generated by density diff rences 
between fresh and salty water. Speeds are only 2 to 4 cm pr sec 
but over many tidal cycles the current is significant in trans-
porting material in suspension over the long term. Thus, material 
suspended in the lower layer below about 6 meters is gradually 
carried landward whereas material in the upper layer and in fresh 
water reaches, is carried seaward. 
Estuary water is partly-mixed most of the time. Vertical 
mixing of salt and fresh water is incomplete throughout the salt 
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intrusion and therefore the transition from fresh to salty water is 
relatively broad. The Rappahannock lacks a sharp interface and 
turbid front characteristic of sal t wedge systems except during 
short periods of extreme flooding. However, a partly-mixed system 
like the Rappahannock is the most connnon type in the Chesapeake 
region and along the U.S . East Coast. 
In sunnnary, the Rappahannock Estuary test site has relatively 
mild hydrographic conditions of tide and river inflow. Its 
geometry is relatively simple consisting of an axial channel 
bordered by submerged shoals; its shoreline is relatively straight. 
Rapid changes in tidal currents produce marked changes in suspended 
material with time. The estuary is undisturbed by major engin er-




Data Processing - MSS 
The first step in the processing sequence was to print a 
computer graymap of all 13 spectral channels covering the 
Rappahannock Estuary and adjacent land areas to detect any bad scan 
lines or anomalies which could cause problems in later classification. 
Since the scanner used 8 bit A/D encoding particular attention was 
paid to saturation values of 255 which might indicate clouds or 
a dropped scan line. The 40 mile section of the river and adjacent 
land area, contained in a minimum size rectangle, consisted of ap-
proximately 500,000 pixels per channel. To achieve a 40% reduction 
in classification area (i.e., reduce the amount of land) the river 
was divided into 4 subsections . 
The next processing step was to cluster the points into 
spectral groupings. The cluster function implements an unsuper-
vised classification algorithm to assign each data point into a 
predefined number of groups called clusters. The program initially 
calculates a point in feature space (an n-dimensional space wher 
n is the number of spectral components or MSS channels) for each 
cluster center and assigns all points to the nearest cluster. A 
mean is then calculated for each cluster which becomes the new 
cluster center. The points are again reassigned to the nearest 
center, and a new mean is calculated. The process is iterated 
until the cluster centers cease to move when a new mean is calcu-
lated. Since the computer will cluster 20 000 points at a time, 
and the number of points in our data set was on the or er of 
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200,000 pixels x 14 spectral vectors it was necessary to reduce 
the size of the set. Instead of selecting every 140th point it 
was decided to run cluster three times on subsets (using every 
45th point) to insure enough points from the river to adequately 
represent water. For each of the three sections 15 clusters were 
chosen to represent land, clouds and water (the three most distinct 
scene elements). The number 15 is suggested by experience as 
adequate to over-cluster the scene with the idea of recombining 
clusters at a later step to form spectrally separable classes. 
Since the reflectance of water drops sharply in the near infrared, 
a ratio of cluster means in red band and a near IR band (channel 
6/7) can be used to select water clusters (Figure 3). Considering 
the three sections of data clustered, a total of nine clusters 
were assigned for water. Clusters representing clouds wer se-
lected by looking for uniformly high radiance (large clust r mean) 
in all spectral channels. 
Output from each section of the data set cluster d, when 
combined, gives a total of 45 clusters. Each run of cluster pro-
duced a deck of cards representing the mean and variance for each 
of the 15 clusters in all 14 spectral bands. The three decks of 
cards were merged (using computer program MERGESTATISTICS) into 
one composite deck containing 44 clusters (one cluster containing 
2 data points was deleted). Separability information from the 
CLUSTER processor suggested that some of the 15 groups in each 
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Figure 3. Ratio of cluster means in far red channel (6) and 
near infrared channel (7). Points circled are 
most likely to represent water clusters. 
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and various types of land were combined to form a lesser number of 
groups more distinct in spectral space. Clusters which represented 
water were not altered since it was desired to keep the greatest 
number for later examination. As expected no more than three 
water clusters were found in any of the three cluster sections 
since water is in general less spectrally separable from itself 
than is land. This heavily weights a classification in favor of 
land. The actual combination of the statistics to form the re-
duced number of clusters was not made until several more processing 
steps were completed. 
The LARS computer program SEPARABILITY is used to determine 
the best combination of spectral channels (number and spectral 
coverage) for the classification. The function is impl mented by 
using the mean vectors and covariance matrices for the clusters to 
calculate the divergence for all cluster pairs for ach set of 
channels. Divergence is a measure of the distance betw n cluster 
densities. In order to reduce the effect of very wid ly separated 
cluster pairs, transformed divergence is used to achieve a saturat-
ing effect by placing an upper limit on the actual divergence valu~ 
The function is also used to determine which clusters are marginall 
separable and should be combined into a single class. The SEPA-
RABILITY function: 
1. calculate average divergence (DAV) - cluster pairwise 
divergence averaged - for all combinations of n channels 
taken rn at a time and prints results ordered on DAV' 
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2. Prints a list of those clusters for which the pairwise 
divergence is less than a user defined value. 
This information is used to choose the best combination of spectral 
channels to separate clusters of prime interest in spectral space, 
and to decide on a combination of clusters into a class structure 
best representing the scene being classified. The first pass 
through SEPARABILITY, with 26 clusters from the entire river, in-
dicated 5 classes to represent land areas, 3 classes for clouds, 
9 classes for water, and 4 classes called "other" bordering between 
land and water in spectral space (due to an intermediate red/near 
IR reflectance ratio). 
Using the 21 classes and 6 of the 14 spectral vectors (1 3 
4, 6, 8, 13) a classification of the river wasp rform d. The 
program uses the class means and covariance matrices, and the data 
from each point classified, to calculate the probabil'ty that the 
point belongs to each of the classes. It then assigns the point 
to the most probable class and writes the classification (together 
with a value indicating the associat d probabil'ty) on an output 
file. This classification was used as a first pas to del'n ate 
water areas and get a general fe 1 for the scene. The cla sifi-
cation was weighted toward land and cloud classes s·nc the'r 
separability is greater both among themselves and w'th water. 
Interclass separability for water i generally low rand the ten-
dency will be to combine water classes before combining other 
classes. This will result in a scene well classified for land, 
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but not adequately classified for water. Hence the decision was 
made to select only areas of interest--the Rappahannock River and 
adjacent Chesapeake Bay--to form a new data set for reclustering. 
To accomplish this 45 test areas were outlined using the first 
classification map to include as much of the River (shore to shore) 
and Bay as possible with rectangular shapes. Each area, called 
a test field, was chosen to include only water (based on the first 
classification) and to approach the shoreline as nearly parallel 
as possible. Ability to outline an irregular shape would have 
greatly simplified the procedure, and would have enhanced the 
sampling of nearshore points. The data set consisted of approxi-
mately 100,000 points, each representing one 260 foot square pixel. 
Reclustering of the data set containing only water pixels 
was performed on a sampling of every 50th point in all 13 spectral 
channels (14 spectral vectors). As before the number of points in 
the data set was reduced to achieve a computer core load. This sub-
set comprised a uniform sample of all pixels of interest in the 
scene representing water areas. Again 15 clusters w r chosen 
to over divide the scene with combination into a fewer number of 
classes done subsequent to separability analysis. 
Statistics from 15 clusters were used with the SEPARABILITY 
function to examine the divergence between cluster pairs in spectral 
space for combinations of spectral channels. The program was run 
with a selection of 10 channels: the entire v'sible spectrum 
(channels 1-6), two reflective infrared (channels 7, 8), and the 
thermal infrared (channels 13, 14). The best combinations of 10 
15 
channels taken 8, 6, 5, 4 and 3 at a time were printed, both in 
order of the average divergence (DAV) between all cluster pairs 
(106 combinations) and in order of the minimum divergence between 
the least separable pair. There may be many different combinations 
of channels to examine (e.g., 252 for 10 spectral channels taken 5 
at a time) and the program will typically list the best 30. Prop-
erties of the divergence are such that adding more spectral vec-
tors will cause the new divergence value to be greater than or 
equal to the old. Hence a greater number of MSS channels will 
increase separability of classes (which may increase classifi-
cation accuracy), but will also rapidly increase the amount of 
computer time necessary to complete a classification. A trad off 
is needed to find the minimum number of spectral vectors which 
will still allow adequate separation of significant class s. Test-
ing and extensive experience by personnel at LARS show that in-
creases in classification accuracy decrease rapidly wh n more than 
5 spectral vectors are used (Wu et al., 1974). A plot of DAV 
against the number of spectral vectors for water (Fig. 4) indi-
cates that 5 channels will yield a divergence valu gr at r than 
50% of the way between the divergence for 3 and 8 channel ' ith 
the number of MSS channels chosen the next st pis to combine 
clusters with low divergence into single clas e This process 
is generally accomplished by setting a divergence low r l'rnit and 
combining those cluster pairs which fall belo this limi . Re-
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1500 will generally achieve a 90% classification accuracy in a 
supervised classification. The problem in the case of the tidal 
estuary as examined in this paper necessitates an unsupervised 
classification with no accuracy determination possible. Further-
more, the average divergence for water intercluster combinations 
is 1744 versus 1959 for land intercluster divergence and 1999 for 
divergence between land and water (based on a saturation maximum 
value of 2000). Relaxing the water pairwise divergenc value by 
200 to 1300 for the recombination criteria would lower classi-
fication accuracy to approximately 85% and appears reasonable in 
light of the lower average water intercluster divergence. However, 
it was not always possible to combine cluster pairs into groups 
of three or four without encountering divergence values grater 
than 1300, even though the group average might be less than 1300. 
In one instance it was advantageous to combine two clust rs with 
a divergence of 1364 since neighboring clusters in spectral spa 
were near the saturation limit of 2000. A close study of all 
reasonable combinations of water clusters with low divergenc 
indicated a reduction from 15 clusters to 9 classes. It mpha-
sized that this combination does not repr sent a case of black 
and white in making a clear cut choice, but rather the b st of 
several possible combinations to realize a representative class 
structure. Figure 5 shows the combination used and the average 
divergence between the combined clusters. 
18 
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Figure 5. Combination of Water Clusters into Water Class s. 
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II 
At this point in the processing sequence there existed two 
statistics decks from the two passes through the cluster processor: 
one deck with 15 water clusters, and one deck with 44 clusters 
for land, clouds, other, end water. It is important to note that 
although the separability processor has been used to arrive at a 
class structure by combining clusters, the actual manipulation 
with the statistics parameters is done in another program. To 
form a combined set of statistics more representative of the scene 
for classification the two statistics decks were merged to form 
one composite set of punched statistics with 27 class s. All of 
the 15 water clusters were retained (even though SEPARABILITY in-
dicated reduction to 9 classes) to maintain maximum flexibility 
for the classification. The number of clusters of land, clouds, 
and other was reduced to 12 classes and the original 9 water 
clusters (from the first run of CLUSTER) were eliminat d. 
A final run of SEPARABILITY was made before classif·cation 
with the new combined statistics to choose the best chann ls ba d 
on both land and water divergence calculations. Great t av rag 
separability was achieved with channels 1, 5 6, 8 13 at 1907. 
All combinations of five spectral vectors with diverg nc rater 
than 1900 had channels 1, 8, 13 in common. Combinat'on of the 
other visual channels seemed to make little differenc in th 
average separability. The final run of SEPARABILITY ind·cat d som 
further class combinations which could be made. Th five classes 
f "l " f h 1 of "cloud " t t o and were reduced to our, tree c asses o wo, 
and four classes of · "other" to two classes. 
20 
Using the combined statistics for 12 land-cloud-other classes 
and 15 water classes a classification of the entire section of the 
Rappahannock River covered by the MSS was performed. The statis-
tical reduction from 12 to 8 classes of land-clouds-other was made 
in the CLASSIFYPOINTS algorithm just prior to the point by point 
classification of the river and adjacent land areas. This does not 
alter the input statistics deck with 27 classes, but does take into 
account combinations indicated by SEPARABILITY. Classification was 
performed using all 15 water clusters with the idea of reducing the 
number to 9 by employing common symbols in computer classification 
maps. 
With the classification completed the function PRI TRESULTS 
is used to obtain a graphical and tabular display of the computer 
derived classes. An important parameter to be chosen before print-
ing is the threshold value which will liminate thos points with 
a low probability associated with the class to which they wer 
assigned. A 1% thresholding was used; that is, those point not 
having a 99% probability of falling into one of th land water or 
cloud classes were not classified. 
A classification map of the river wa pr·nted using v ry 
line and every other column, and symbols for water combin d to 
form the 9 classes indicated by separabil'ty ·nformation (Figure 5). 
By using alternate columns the resulting map ·s siin" ar to a 1 x 
ERTS rendition since the Skylab SS data st was stretch d by a 
factor of two to accommodate differenc sin sampl rate among the 
21 
spectral channels (Earth Resources Data Format Control Book, Vol. 
1). The line printer used to make the maps prints 10 characters/ 
inch and 8 lines/inch, resulting in a 20% distortion in the com-
puter generated classification maps. 
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Presentation of Results - MSS 
Results of the classification were analyzed in two ways : 
the frequency of water classes was plotted as a function of dis-
tance from the mouth of the river, and single class maps were 
printed to examine spatial distribution of each type of water in 
the river. 
The frequency of the nine classes of water within the field 
of view of the MSS was determined by returning to the 45 test 
fields used to originally define the "water only" data set. In 
each of these test fields the PRINTRESULTS function lists the 
composition by number of points and percentage for all classes. 
This includes not only water classes, but land, clouds, other and 
threshold. In order to relate the class frequencies to distance 
along the river an overlay was made from National Ocean Survey 
(Department of Commerce) Nautical Charts and scaled as nearly as 
possible to the distorted classification map (with test fi lds 
outlined). The test fields were then grouped into on to six mil 
(average 2 mile) units and percentage class composition calculated 
for the new units. A tabular account of this information ·s ·n-
cluded as Appendix A. The data were plotted against distance 
upstream as presented in Figure 6 for the 9 water classes. A con-
tinuous curve was drawn through the points as an aid in comparing 
the different classes, and in no way suggests a functional re-
lationship. A striking feature of the data at first glance and 
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the Rappahannock River - 9 classes of water - SS 
classification channels 1, 4, 6, 8, 13. 
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4 by geographic region within the river. The first of these 4 
new classes is composed of old classes 6-9 and extends from the 
mouth of the river to mile 12. An arbitrary cut-off of 10% has 
been set as the point at which a class is no longer significantly 
contributing to the water types in a section of the river. In 
using this criterion care is exercised to observe whether such 
classes are distributed contiguously, and thus may have physical 
meaning as a local water type. The second new class is composed 
of old classes 4 and 5 and overlaps the first class, beginning at 
mile 8 and ending at mile 28. The third class comprises previous 
classes 2 and 3 and stretches from mile 22 to mile 36, overlapping 
its downstream neighbor. The last class remains distinctly sep-
arate both geographically and in spectral space as well. There is 
a significant increase in class 7 where classes 4 and 5 are domi-
nant (new class 2) which may represent a relict feature from the 
immediately previous flood tide. This occurs in a region wher 
the course of the river undergoes a major change in direction and 
the channel becomes markedly shallower. Water from downriver 
(types 6 and 7) appears to stay confined to the channel in th 
relative center of the river on the upstream side of the bend and 
persists for approximately 8 miles. 
In order to examine the two dimensional distribution of 
water types in the river a series of classification maps were 
printed using only one water symbol at a time. This resulted in 
nine maps of the river and greatly facilitated recognizing surface 




9 revealed a banding phenomenon exhibited by the regular grouping 
of water class symbols. In some areas the banding appeared to 
carry through land into adjacent water bodies, and took on the 
shape of conical scan lines. A check back to the photographic 
images of the 5 bands used in the classification confirmed a sus-
pended noise problem in the thermal band (13). The EREP Sensor 
Performance Report (MSC-05528, Vol III) documents a low frequency 
noise affecting the thermal bands more than other bands. Although 
an algorithm was to be used to remove the noise, a classification 
of a section of our data set exhibiting the worst thermal vari-
ation, using only channel 13 revealed the same scan patterns 
originally noticed in the water classes, and very apparent in the 
photographic S192 screening imagery. Apparently the nine classes 
of water represent an "overclassification" of the river based on 
noise in the thermal band, and a new classification using 5 spectral 
vectors excluding bands 13 or 14 is suggested. SEPARABILITY was 
rerun using 9 water classes and 8 classes of land, clouds, and 
other. A subset of 5 channels (1, 3, 4, 6, 8) selected from 10 
gave the greatest divergence, 1869, compared with 1907 in the pre-
vious classification (using channel 13). Figure 7 show som of 
the possible water class groupings and the associated interclas 
divergence both with and without channel 13. Water classes 4 and 
5 which were moderately separable in spectral space with the 
thermal band included are now virtually indistinguishable (DAV= 365). 
The averaged divergence for classes 6, 7, 8 and 9 has been reduced 
from 1404 to 554. The most marked change is in class 9 which 
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CHANNELS I, 3, 4,6,8 
CHANNELS 1,4,6,8, 13 
1419 
1649 
2 / 1330 3 
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4 1304 5 
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1320 
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8 616 9 
8 1440 9 
Figure 7. Pairwise divergence between 8 of the 9 water 
classes, with and without thermal channel (13). 
Average divergence for each grouping of four 
classes shown in upper left. 
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exhibited the worst banding, and in the absence of band 13 is 
extremely close to classes 6, 7 and 8. Classes 4 and 5 are some-
what close to class 7, but well separated from 8 and 9. Classes 
2 and 3 in the upper river are spectrally distinct from any 
classes in the middle or lower reaches of the estuary. A new 
grouping of the 9 classes into 4 (1, 2 + 3, 4 + 5, 6+7 + 8+9) was 
made and the entire Rappahannock River reclassified (CLASSIFYPOINTS). 
Table II lists the mean and standard deviation of the classes for 
each channel. The grouping of water classes in spectral space is 
the same as the geographic grouping suggested in Figure 6, class 
frequency vs distance upstream. Using information from the new 
classification (4 water classes, 8 land, clouds, other classes) a 
new frequency plot was made as shown in Figure 8. Note that the 
occurrance of the 4 classes is the same as predicted by the geo-
graphic combination of 9 water classes into 4. A classification 
map is presented in Figures 9 through 12 for the entire River. 
Water classes 1-4 are depicted with appropriate numerical symbols 
clouds with c, and land and other with special symbols (see 1 gend). 
A tabular accounting of percent water frequency is given in 
Appendix B. 
TABLE II 
Water Ch 1 Ch 3 Ch 4 Ch 6 
Ch 8 
Class Mean/S.D. Mean/S .D . Mean/S.D. Mean/S.D. 
Mean/ S .D. 
1 255/0.1 114/13 61/8 77/ 10 
37/ 9 
2 164/9 126/7 5 7 /6 53/ 6 
27/ 6 
3 150/5 116/4 47 /4 44 / 55 
22/ 5 
4 140/5 111/4 41/4 39/4 
17/ 5 
Mean and standard deviation not normalized 
between channels. 
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MILES UPSTREAM - RAPPAHANNOCK RIVER 
Figure 8. Distribution of water types along the length of 
the Rappahannock River - 4 classes of water -
MSS classification channels 1, 3, 4, 6, 8. 
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Figure 10. Classificat on 
31 
Figure 11. Classification map, Rappahannock River 
18-30. 
32 
Figure 12. Classification map, Rappahannock River, 
33 
ile 30-39. 
Classification of Color Imagery from S190B 
Using color film from the Earth Terrain Camera (S190B) taken 
simultaneously with the S192 data a classification of the Rappa-
hannock River was made. In order to get LARS compatible digital 
data an Optronics scanning microdensitometer was employed with 
filters to separate the data into three distinct records: red 
band (.58-.69µm), green band (.50-.58µm), and blue band (.40-.50um). 
An aperture of 50 µ m was used to simulate, as nearly a possibl , 
the MSS instantaneous field of view (IFOV). A single band graymap 
was used to choose areas of the river, clouds, and land for clust r-
ing. The task was exceedingly difficult since the riv rand land 
have similar signature (densities) in all of the thr band . 
Only from a good prior knowledge of the scene, and mark d loud 
patterns, was it possible to make any distinction at all. One 
large area typical of land, and one of clouds wer chos n nd 
clustered into 15 classes. Water data were sel c d from 13 t t 
fields and also clustered into 15 class s. Both data t w 
merged and SEPARABILITY run to arrive at a class tructur The 
result was 5 water classes, 4 land classe 2 c oud ca 
and 
5 classes of other (combinations of clusters from and and \at r 
data sets). Using these 16 classes a classification of h Rappa-
hannock estuary was made, and the PRI TRESULTS funct'on us d. Th 
13 test fields were grouped by miles upstream and a fr qu nc vs 
distance plot made. Without the refl ctive infrar d ava·lab to 
separate land and water there was significant confusion ·nth 
classification and no definite land-water boundary. Considering 
' 
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the 13 test fields selected only from the river 72% of the class 
symbols are "other", 27% are "water", and 1% "land". The dis-
tribution of 4 of the 5 water classes ( one class with 30 symbols 
was eliminated) is presented as Figure 12. There are definite 
similarities between two of the water classes derived from photog-
raphy and the MSS. The class predominating in the lower estuary 
(beginning at mile 0) shows a primary and secondary increase in 
frequency at the same general area of the river when comparing 
Figures 8 and 13. The next class upriver has very nearly the sam 
shape in both cases, but slightly more spread on the MSS frequency 
curve. The two classes in the uppermost reaches of the river 
(delineated by the end of MSS coverage) do not correspond closely 
comparing the scanner and the film. However, if the S190B class 
are added (see- ..... -, Fig. 13) there is a marked fr qu ncy n-
crease near mile 33 in both S190B and the MSS. Th re is no cor-
responding spectrally distinct class derived from the color film 
which resembles the MSS class 1, predominate after mile 36. This 
would seem to indicate that water classification in th lower 
estuary is from the visual portion of the electromagnetic p trum 
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MILES UPSTREAM - RAPPAHANNOCK RIVER 
40 
Figure 13. Distribution of water types along the length of the 
Rappahannock River - 4 classes of water - color 
film (S190B) classification. 
CONCLUSION 
The computer classification performed in an unsupervised 
manner assumes no a priori knowledge of the ground scene, and 
relies on the spectral separation of clusters in feature space to 
arrive at a reasonable class structure. Whether or not the class 
structure is meaningful is determined by correlation with specif·c 
scene parameters measured independently, or with obs rved con-
ditions averaged over a period of time. Many ground truth samples 
were taken on the day of the Skylab overpass in th Rappahannock 
River and adjacent portion of the Chesapeake Bay. Since th 
measurements were not as synoptic as the photography, but made 
over a period of hours, they can be used only for a broad ou lin 
of the range of parameters, and to identify general tr nd . Tabl 
III lists the most important information from sampl s ak n w'thin 
30 minutes of the satellite overpass. Compar·son of sp c· ic 
measurements with one another and with film d nsity found in 
the final report for Skylab contract AS6-2327 (Har i, 1975). Th 
photography shows an increase in radianc in all bands proc a·n 
up the river which corresponds to an incr as 
face suspended solids were high in th low r 
in S n 1. Sur-
tuary (1 r pr cl 
size), dropped sharply in the middler ach s near max mum flood 
current (mile 30-37), and increas d ·nth upp r tu ry with 
smaller particles. The water in the stuary wa r lativ ly · o-
therrnal, increasing 1°c over the 40 mi length. This ind ct 
why the thermal infrared MSS band (13) was not ult mat y u ful 
in the classification. By contrast sa inity ·ncreased with d' tanc 
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TABLE III 
Water Depth Tide Time T. Surf. Salin. Sed. Cone. Chlor. "A" 
Mile Class {m2 Stage {EST2 { 0 c2 {0/QQ} {mg/12 {g g/12 
0 4 0 Slack 11. 7 25.2 15.3 26.6 10.8 
4 4 0 Slack 11.8 25.5 14.0 23.4 22.4 
10 3,4 0 Late Fl. 12.0 25.7 12.8 21.8 10.2 
15 3,4 0 Late Fl. 12.2 25.9 12.6 13.8 9.3 
18 3,4 0 Late Fl. 12.3 25.8 11.9 13.8 5.5 
21 3,4 0 Late Fl. 12.5 25. 7 10.8 16.3 7.2 
25 3 0 Late Fl. 12.5 23.5 10.6 17.9 8.4 
25 3 0 Late Fl. 12.5 25.8 10.0 19.0 21. 0 
l,..) 31 2 0 Max Fl. 11:7 25.7 7.2 6.5 8.0 00 
33 2 0 Max Fl. 11.8 25.8 5.9 6.6 12.9 
33 2 0 Late Fl. 12.4 26.1 6.7 5.8 6.3 
35 2 0 Max Fl. 11.9 26.2 4.4 3.0 5.9 
35 2 0 Late Fl. 12.3 26.3 4.4 4.0 10.2 
37 1 0 Late Fl. 12.l 25.9 3.1 5.8 5.7 
37 1 3.0 Late Fl. 12.1 - 3.1 15.8 11.9 
37 1 4.5 Late Fl. 12.1 - 3.2 60.3 10.8 
seaward from 1 %o above Tappahannock to more than 15 %o off the 
estuary mouth, the largest gradient (3-7%o) occurring between 
mile 23 and 37. The photography visually shows many color 
boundaries indicative of fine-scale structure and mixing pat-
terns of tidal currents that are active in the upper stuarine 
layer. When a computer classification is performed the result 
both from photography and from the MSS is broader, and water 
types more uniform. 
There is good general agreement between the clas ification 
of water types when comparing frequency distribution d riv d 
from the MSS and the color photography in the low rand m"ddl 
estuary. It is felt that the photography could off r much h 
same information as the MSS if the ability to disc rn and and 
water were incorporated. Color infrar d film, of cour off 
this capability but at the loss of information in blu band wh"ch 
seems to have been used to advantage in both cla •f'cat'on 
The MSS water type 1 in th upper estuary which ha no 
correspondence on the color film, is thought to hav b n cau d 
by atmospheric conditions and poor spat·a1 fr qu ncy pon of 
band 1. Pitts et al. (1974) hav shown that a r·c at r 
vapor can change the signature on Land at cla 'f'ca ion . I 
is possible that the IR band 8 which · b ·n u d o d'ff r n at 
land and water, is recording a sharp increase n atmo ph ric 
water over the river (which has a smal IR r turn) iving r to 
a pseudo water class. This is be·ng r inforc d by th docum nt d 
39 
poor spatial frequency response of band 1 (MSC-05546) which has 
the effect of smearing clouds adjacent to the river across the 
river in the uppermost reaches recorded by the MSS. To eliminate 
band 1, however, would have a detrimental effect on the classi-
fication. 
Three of the four types of water in the Rappahannock 
Estuary have good separability in spectral space and are thought 
to be valid physical divisions within the river. The fact that 
there is no direct correlation with ground measurements simply 
reinforces the time dependance of the surface truth-remotes n-
sing system. Since the water types are broad and uniform in 
spatial extent they may be more representative of groupings which 
indicate water quality than are water color boundaries evident in 
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Test Test Area 
Field Start Center 
Mile Mile 
5a- 9 0 1.5 
10-14 2 . 5 3 .8 
15 5 ,0 5 , 2 
16 5 , 5 6 .0 
-'=' 17 6 ,3 7 .0 w 18-20 8 .0 9 ,0 
21-22 10 .0 11 .o 
25 12 .0 12. 5 
26-27 13 .0 14.0 
28-31 15 .0 16.0 
32 17 . 5 18 .0 
33-36 18 . 2 20 .8 
7 23 .0 23 . 5 
38-40 24 .0 26 .0 
1-42 29 , 2 31 .8 
-44 34 .0 34 . 5 
5 35 . 2 36 ,7 
PERCENT WATER FREQUENCY VS. LOCATION IN RAPPAHANNOCK RIVER 
9 WATER CLASSES 
% % % % % % % 
Stop Water Water Water Water Water Water Water 
Mile 1 2 3 4 5 6 7 
2 , 5 3 , 5 25 . 1 34 . 0 
5 . 9 . 4 2 .7 22 . 3 40 . 5 
5 . 5 12 . 2 2 . 6 22 . 3 40 . 5 
6 . " 6 . 1 1 .o 23 , 2 42 . 7 
8 .0 3 , 3 20 . 9 42 . 1 
10 .0 22 .8 8 . 6 21. 4 35 . 5 
12 .0 35 . 4 11.9 14 . 5 27 .8 
13 .0 1 .8 3 .8 53 . 1 16. 6 9 , 9 10. 2 
15 .0 5 ,8 13. 7 45 , 2 18 . 2 6 . 1 8 . 2 
17 . 5 4 , 5 9 , 4 38 . 2 20 . 1 6 , 7 14 .8 
18 . 2 3 . 9 12. 2 38 . 3 18. 6 8 , 3 14.8 
23 .0 4 ,7 6 .0 32 . 3 16 ,7 6 . 0 19 , 9 
24 ,0 10 . 3 22 . 9 37 . - 17 , 1 4 , 7 5 . 1 
28 .2 21 . 1 24 . 3 3 , 15. 0 2 . 4 2 .6 
33 . 5 58 .0 34 .7 . 
35 . 2 10 . 9 73 . 9 13 . 3 
38 , 5 67 , 9 29 , 5 1.3 
% % # 
Water Water Samples 
8 9 
23 , 5 12. 2 5 ,61 6 
8 . 2 12 . 3 2 ,866 
7 . 4 14. 2 1,078 
12 . 1 13. 0 1,342 
21.1 11. 1 1,482 
4 . 9 5 . 6 2 , 875 
7 .0 3, 252 
2 . 3 1 , 122 
1 .o 1,850 
5 .0 3,415 
3 , 6 880 
1.0 6 . 7 5 , 249 
1.6 1,876 























PERCENT WATER FREQUENCY VS. LOCATION IN RAPPAHANNOCK RIVER 
4 WATER CLASSES 
Test Area % % % 
Start Center Stop Water Water Water 
Mile Mile Mi.le 1 2 3 
0 1.5 2 . 5 5 .7 
2 . 5 3 .8 5 .0 10. 1 
5 .0 5 . 2 5 . 5 14. 1 
5 . 5 6 .0 6 . 3 8 . 3 
6 .3 1.0 8 .o 3 .0 
8 .o 9.0 10.0 31.1 
10.0 11.0 12.0 51.6 
12 .0 12. 5 13.0 4 . 2 79 . 3 
13.0 14 .0 15.0 15. 4 72 . 4 
15.0 16.0 17.5 14. 1 64 .0 
17.5 18.0 18.2 18. 3 63 . 6 
18.2 20 .8 23 .0 12. 6 55.8 
23 .0 23 .5 24 .0 35 . 9 58.7 
24 .0 26 .0 28 .2 52 .0 45. 4 
29.2 31 .8 33 . 5 95 .7 1.5 
.o 34 . 5 35 .2 10.7 85 .0 





89 .0 2,866 
84 . 3 1,078 
90 . 2 1, 342 
95 .7 1, 482 
67 .8 2,875 
47 . 1 3, 252 
15. 4 1, 122 
10. 5 1,850 
21.5 3,415 
17 . 7 880 
29 . 9 5, 249 





Total 38, 538 
VlM 
GC kylab Mss. vs . 
515 hotogra?hy Fo stuarine 
G6 Water Color 
.4- ldssification 
VIS 
C 
515 
G6 
c. 

